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(57) ABSTRACT 
The IT and FT values for coal and coke samples can be 
accurately predicted by applying equations to determined ST 
and HT temperatures. For reducing atmospheres, the equa 
tions are IT:C1><ST—C2><HT+C3 and FT:C4><HT—C5><ST+ 
C6. For oxidizing atmospheres, the equations are IT:C7><ST— 
C8><HT+C9 and FTICleHT—CUXST+C12. IT is the initial 
deformation temperature. ST is the softening temperature. 
HT is the hemispherical temperature. FT is the ?uid tempera 
ture. C 1 -C12 are constants determined by multi-linear regres 
sion coe?icient analytical techniques on a collection of data. 

phia, PA: The Society, (Reapproved 2000). 18 Claims, 4 Drawing Sheets 
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For reducing atmospheres: 
IT=C1XST—C:2XHT+C3 
FT=C4X HT'CSX ST+06 

For oxidizing atmospheres: 
£1":qu ST~C8xHT+C9 
FT=CioxHT~CH X ST+clg 

Where: IT is the initial deformation temperature; 
ST is the softening temperature; 
HT is the hemispherical temperature; 
FT is the ?uid temperature; and 
CFC” are constants determined by multi~1inear regression coef?cient 

analytical techniques on the collection of data, where (ail temperatures 
in °C): 

C1=L5627 (14:1.8744 Cq=1.5016 (310:1.8131 
C2 = 0.6684 C5 = 0.9568 Cg = 0.5724 C1; = 0.8940 
C3 = 1177088 C6 = 1267877 C9 = 77.3248 C12 = 122.2880 

When Fahrenheit degrees are employed, C3 = 215.259; C6 = 230.856; C9 = 130.665; and C1; = 
223.750. All other constants remain the same. 

FIG. 4 
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METHOD AND APPARATUS FOR THE 
CALCULATION OF COAL ASH FUSION 

VALUES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of US. patent application 
Ser. No. 11/937,566, ?led on Nov. 9, 2007, entitled 
METHOD AND APPARATUS FOR THE CALCULATION 
OF COALASH FUSIONVALUES, now US. Pat. No. 7,885, 
772, the entire disclosure of which is incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

The present invention is a method and apparatus for the 
calculation of coal ash fusion values based upon the measure 
ment of predetermined ash fusion values. 

The ef?cient operation of coal-?red power plant boilers 
and other boilers and furnaces with a minimum of slagging 
and fouling problems depends on the determination of accu 
rate ash fusion temperatures for the coals used as fuels. Such 
industrial combustion equipment may remove the byproducts 
of the combustion process in either a solid or liquid form 
depending on equipment type. It is imperative that the coal 
utilized maintain appropriate ash properties during the entire 
handling process. Ash fusion temperatures are a useful guide 
to a coal’s expected behavior. 

Before coal or coke is burned in a furnace, the fuel is 
analyzed to determine the fusibility of the coal or coke ash. 
Burning coal or coke in a commercial steel mill fumace, 
which generates temperatures suf?ciently high to fuse the 
ash, causes the ash to collect on various furnace components, 
most notably the fumace grates. If collection becomes exces 
sive, the furnace must be shut down, cooled, and cleaned, 
requiring costly excessive periods of fumace inactivity. By 
selecting coal with desired properties, such problems can be 
minimized. 

The ASTM standard test method for determining the fus 
ibility of coal and coke ash requires the prepared ash to be 
formed into triangular, generally pyramid-shaped cones 
which are placed within an analytical fumace. The tempera 
ture within the furnace is then increasingly ramped at 15° F. 
per minute, and the cones are manually observed to detect 
changes in shape. The fusibility of the ash is recorded at four 
temperatures; namely, (1) the temperature at which the apex 
of the cone becomes rounded known as initial deformation 
temperature (IDT, hereinafter abbreviated as IT); (2) the tem 
perature at which the height of the deformed cone is equal to 
the width of the base known as the softening temperature 
(ST); (3) the temperature at which the height of the deformed 
cone is equal to one-half the width of the base known as the 
hemispherical temperature (HT); and, ?nally, (4) the tem 
perature at which the cone has been reduced to a lump having 
a height no greater than one-sixteenth inch known as the ?uid 
temperature (FT). 

This test method has several signi?cant drawbacks. First 
the method is time-consuming and requires an observer to 
constantly monitor all cones within the furnace as all cones 
pass through all four stages of fusion. This task is tedious and 
the observer can become inattentive, resulting in inaccurate 
temperature readings. Second, monitoring the shape of ?ve 
cones (the typical furnace load) is dif?cult. Third, the ?ndings 
are somewhat subject to the individual judgment of the 
human observer, further introducing error and/or variation 
into the test results. The ASTM test method recognizes these 
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2 
problems and provides for relatively large acceptable errors 
in excess of 50° C. or 100° F. for each of the four stages of 
fusion. 

Improvements in ash fusion determinators have greatly 
improved the accuracy of the determination of IT, ST, HT, and 
FT. An ash fusion determinator Model No. AF700, commer 
cially available from Leco Corporation of St. Joseph, Mich., 
represents state-of-the-art advances over several earlier deter 
minators, such as disclosed in US. Pat. Nos. 4,462,963 and 
4,522,787. The AF700 ash fusibility determinator automati 
cally monitors ash cone deformation temperatures in coal ash, 
coke ash, and mold powders. Prepared ash cones are mounted 
on a ceramic tray and placed into a high-temperature, ram 
pable furnace. The user selects an analytical method with a 
prede?ned furnace atmosphere (oxidizing or reducing) and a 
ramp rate (° C./minute) for the furnace based on approved 
methodologies. The fumace is ?rst purged with nitrogen 
before the selected atmosphere is introduced. A high-resolu 
tion digital camera collects images (up to 30 frames/minute) 
after the fumace temperature reaches the method-de?ned 
starting point (typically 1382° F./ 750° C.). Prede?ned ash 
fusibility temperatures (IT, ST, HT, and FT) may be automati 
cally determined using Image Recognition Functions (IRF) 
within the software. In addition, IRF allows the analysis to be 
automatically terminated after all deformation points have 
been reached for all samples, increasing throughput and fur 
nace lifetime. Altemately, the fumace can be programmed to 
cycle between the method-de?ned starting temperature (e.g. 
752° F./400° C.) and a maximum programmed fumace tem 
perature (typically 2730° F./1500° C. and a maximum of 
2900° F./1600° C.).A complete image history for all analyzed 
samples is digitally archived for easy retrieval and review on 
DVD, CDRW, or hard drive. Archived images may be used to 
make subjective determinations of deformation temperatures. 

Although such a determinator has greatly improved the 
ef?ciency of the determination of the ash fusion temperature, 
subjective, somewhat error-prone steps, are still required. 
Although the softening temperature (ST) and hemispherical 
temperature (HT) phases are well de?ned in mathematical 
terms, the initial deformation temperature (IDT or IT) and the 
?uid temperature (FT) phases remain subjective observations 
and are much more difficult to accurately determine. Thus, 
there remains a need for improvement in the accurate deter 
mination of the ASTM ash fusion temperatures. 

SUMMARY OF THE INVENTION 

It has been discovered through extensive testing of coal and 
coke materials at numerous laboratories utilizing several 
samples that an algorithm for predicting the IT and FT based 
upon measured ST and HT temperatures results in more accu 
rate determination of these endpoint temperatures than the 
actual subjective determination of them. Utilizing multi-lin 
ear regression coef?cient analytical techniques, the following 
equations were developed utilizing the empirically gathered 
data: 

For reducing atmospheres: 

For oxidizing atmospheres: 
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Where: 
IT is the initial deformation temperature; 
ST is the softening temperature; 
HT is the hemispherical temperature; 
FT is the ?uid temperature; and 

C1 -C12 are constants determined by multi-linear regression 
coe?icient analytical techniques on the collection of 
data. 

In a preferred embodiment, the constants Cl-C12 were 
about (all temperatures are in o C.): 

cl= 1.56 c4= 1.87 c7= 1.50 clo= 1.81 
C2=0.67 C5=0.96 cs=0.57 C11=0.89 
c3= 117.71 cs= 126.79 09 = 77.32 012 = 122.29 

In a most preferred embodiment, the constants Cl-C12 
were (all temperatures are in o C.): 

cl= 1.5627 c4= 1.8744 c7= 1.5016 clo= 1.8131 
02 = 0.6684 05 = 0.9568 08 = 0.5724 011 = 0.8940 

c3= 117.7088 cs= 126.7877 09 = 77.3248 012 = 122.2880 

When Fahrenheit degrees are employed, C3:215.259; 
C6:230.856; C9:l30.665; and C12:223.750. All other con 
stants remain the same. With the system and method of the 
present invention, therefore, an operator of a commercial 
coal-buming fumace can accurately and relatively quickly 
determine all of the ash fusion temperatures necessary for the 
ef?cient operation of the ?lrnace without the need for exten 
sive and time-consuming burning of coal samples through the 
FT stage since only the ST and HT stages need to be deter 
mined by the ash fusion analyzer. 

These and other features, objects and advantages of the 
present invention will become apparent upon reading the 
following description thereof together with reference to the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a ?ow diagram showing the process by which the 
algorithm is developed for calculating the IT and FT tempera 
tures based upon measured HT and ST temperatures; 

FIG. 2 is a table of one set of collected data for reducing 
atmospheres for numerous samples determining the IT and 
FT temperatures; 

FIG. 3 is a table of one set of collected data on numerous 
samples run in oxidizing atmospheres determining the IT and 
FT temperatures; 

FIG. 4 is a set of equations developed empirically from the 
multi-linear regression process shown in FIG. 1 and collected 
data, such as shown in FIGS. 2 and 3; and 

FIG. 5 is a ?ow diagram of the application of the algorithm 
to measured HT and ST to determine IT and FT. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

It has been discovered through extensive testing of coal and 
coke materials at numerous laboratories utilizing several 
samples, such as illustrated by the exemplary data shown in 
FIGS. 2 and 3, that the use of an algorithm for predicting the 
IT and FT is more accurate than the actual subjective deter 
mination of these temperatures utilizing an ash fusion instru 
ment. The data, such as represented in FIGS. 2 and 3, is 
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4 
entered in a computer as indicated by block 10 in FIG. 1. It is 
understood that data from hundreds of samples was used to 
develop the ash fusion equations of FIG. 4 and the data of 
FIGS. 2 and 3 is a sampling of such collected data. As shown 
by block 12, utilizing conventional multi-linear correlation 
programs, the IT and FT can be calculated from known IT, 
HT, ST, and FT data actually determined from measurements, 
as shown by the examples in the tables of FIGS. 2 and 3. The 
tables of FIGS. 2 and 3 represent one lab’s analysis of mul 
tiple samples in reducing and oxidizing atmospheres respec 
tively, it being understood that the training set data entered in 
block 10 of FIG. 1 is data from over 20 such labs, each of 
which independently analyzed over 35 coal and coke ash 
samples to obtain a universe of data which accurately re?ects 
the characteristics of coal and coke samples. Predicted initial 
deformation IT and ?uid FT temperatures using the devel 
oped ash fusion equations of FIG. 4 differ from the measured 
values by an average of7.51o C. to 16.20 C. These are values 
much less than the normal errors experienced in determining 
these two fusion temperatures. By comparison, the average 
“within lab” errors reported in the measurement of the initial 
deformation and ?uid temperatures of a coal ash ranged from 
13.9° C. to 329° C. 

Utilizing conventional multi-linear regression coef?cient 
analytical techniques, as shown by the process of block 14 in 
FIG. 1, the ash fusion equations of FIG. 4 were determined 
utilizing the empirically gathered data (such as shown in 
FIGS. 2 and 3). The mathematical analysis is also known as 
the least square method for developing equations to ?t data to 
a plot. One discussion of this time honored technique is 
discussed in an article entitled “Least Squares,” by Herve 
Abdi, published in Lewis-Beck M., Bryman, A., Futing T. 
(Eds.) (2003) Encyclopedia of Social Sciences Research 
Methods, Thousand Oaks (CA), the disclosure of which is 
incorporated herein by reference. Using this mathematical 
analysis of the collected data, the series of equations devel 
oped for predicting the initial deformation and ?uid tempera 
tures were determined and are set forth in FIG. 4. (All tem 
peratures are in C.) If Fahrenheit degrees are employed, the 
constants C3, C6, C9, and C12 change as seen in FIG. 4. 
When it is desired to determine the ash fusion parameters 

IT, ST, HT, and FT of a sample for use in coal ?red furnaces, 
as shown in FIG. 5, the ?rst step 16 is to utilize an ash fusion 
instrument, such as anAF700 available from Leco Corpora 
tion of St. Joseph, Mich., for determining only the ST and HT 
temperatures which, as discussed above, can accurately be 
determined utilizing existing ash fusion analyzers. 

Next, as indicated by block 18 of FIG. 5, employing the 
data determined from the ash fusion analyzer for ST and HT 
and utilizing the equations of FIG. 4, an algorithm, pro 
grammed into a computer associated with the ash fusion 
analyzer executes the equations of FIG. 4, to determine the 
predicted IT and FT from the accurately measured ST and HT. 
Subsequently, the output information from the computer is 
supplied to a monitor, printer, or other output device, as 
shown by block 20, to display both the measured ST and HT 
from the ash fusion analyzer, as well as the predicted IT and 
FT based upon application of the formulas of FIG. 4. The 
output can be in other usable electronic formats. 

With the system and method of the present invention, there 
fore, an operator of a commercial coal-buming furnace can 
accurately and relatively quickly determine all of the ash 
fusion temperatures necessary for the ef?cient operation of 
the fumace without the need for extensive and time-consum 
ing burning of coal samples through the FT stage since only 
the ST and HT stages need to be determined by the ash fusion 
analyzer. Additionally, the exact shape of the specimen being 
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analyzed need not be a conventional cone-shape inasmuch as 
the ST and HT geometric con?gurations are well de?ned and 
can be determined from a geometric shape other than the 
classic pyramidal shape of the ASTM standard. Thus, the 
analytical process described herein is independent of the 
choice of shape or quality of the sample block employed for 
the analysis. 

It Will become apparent to those skilled in the art that 
various modi?cations to the preferred embodiment of the 
invention, including modi?cations of the mathematical for 
mulas, as described herein can be made Without departing 
from the spirit or scope of the invention as de?ned by the 
appended claims. 

The invention claimed is: 
1. A method of predicting IT and PT values from measured 

ST and HT temperatures of a specimen by applying a multi 
linear regression analysis to measured ST and HT tempera 
tures utilizing a microprocessor, Wherein IT and PT values 
from measured ST and HT temperatures of a specimen are 
computed by a computer programmed to apply the following 
formulae: 

For reducing atmospheres: 

FT: C4xHT— C5><ST+C6 

For oxidizing atmospheres: 

Where: 
IT is the initial deformation temperature; 
ST is the softening temperature; 
HT is the hemispherical temperature; 
FT is the ?uid temperature; and 
Cl-C12 are constants determined by multi-linear 

regression coe?icient analytical techniques on the 
collection of data. 

2. The method of claim 1 Where Cl is about 1.56, C2 is 
about 0.67, C3 is about 117.71, C4 is about 1.87, C5 is about 
0.96, C6 is about 126.79, C7 is about 1.50, C8 is about 0.57, C9 
is about 77.32, C10 is about 1.81, C11 is about 0.89, and C12 is 
about 122.29 and Where the measured temperatures are in o C. 

3. The method of claim 1 Where Cl is 1.5627, C2 is about 
0.6684, C3 is about 117.7088, C4 is about 1.8744, C5 is about 
0.9568, C6 is about 126.7877, C7 is about 1.5016, C8 is about 
0.5724, C9 is about 77.3248, C10 is about 1.8131, Cl 1 is about 
0.8940, and C12 is about 122.2880 and Where the measured 
temperatures are in o C. 

4. The method of claim 1 Where Cl is 1.5627, C2 is about 
0.6684, C3 is about 125.259, C4 is about 1.8744, C5 is about 
0.9568, C6 is about 230.856, C7 is about 1.5016, C8 is about 
0.5724, C9 is about 130.665, C10 is about 1.8131, C11 is about 
0.8940, and C12 is about 223.750 and Where the measured 
temperatures are in o F. 

5. A system for the determination of IT, ST, HT, and PT 
temperatures of a specimen comprising: 

an ash fusion analyzer for the determination of ST and HT 
temperatures; 

a computer coupled to said ash fusion analyzer for receiv 
ing the ST and HT information therefrom and pro 
grammed for performing a multi-linear regression 
analysis on the ST and HT information for calculating 
the IT and PT temperatures, Wherein said computer is 
programmed for calculating the IT and PT temperatures 
based upon the following equations: 
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6 
For reducing atmospheres: 

FT: C4xHT— C5><ST+C6 

For oxidizing atmospheres: 

Where: 
IT is the initial deformation temperature; 
ST is the softening temperature; 
HT is the hemispherical temperature; 
FT is the ?uid temperature; and 
Cl-C12 are constants determined by multi-linear 

regression coe?icient analytical techniques on the 
collection of data. 

6. The system as de?ned in claim 5 Where C l is about 1.56, 
C2 is about 0.67, C3 is about 117.71, C4 is about 1.87, CS is 
about 0.96, C6 is about 126.79, C7 is about 1.50, C8 is about 
0.57, C9 is about 77.32, C10 is about 1.81, C11 is about 0.89, 
and C12 is about 122 .29 and Where the measured temperatures 
are in o C. 

7. The system as de?ned in claim 5 Where Cl is 1.5627, C2 
is about 0.6684, C3 is about 117.7088, C4 is about 1.8744, C5 
is about 0.9568, C6 is about 126.7877, C7 is about 1.5016, C8 
is about 0.5724, C9 is about 77.3248, C10 is about 1.8131, C11 
is about 0.8940, and C12 is about 122.2880 and Where the 
measured temperatures are in o C. 

8. The system as de?ned in claim 5 Where Cl is 1.5627, C2 
is about 0.6684, C3 is about 215.259, C4 is about 1.8744, CS 
is about 0.9568, C6 is about 230.856, C7 is about 1.5016, C8 is 
about 0.5724, C9 is about 130.665, C10 is about 1.8131, C11 is 
about 0.8940, and C12 is about 223.750 and Where the mea 
sured temperatures are in o F. 

9. The system as de?ned in claim 5 Wherein said system 
includes an output for the values of IT and PT. 

10. The system as de?ned in claim 9 Wherein said output is 
a display. 

11. The system as de?ned in claim 9 Wherein said output is 
a printer 

12. A system for the determination of IT, ST, HT, and PT 
temperatures of a specimen comprising: 

a computer for receiving ST and HT data from an ash 
sample said computer programmed for calculating IT 
and PT from such information by applying the folloWing 
equations: 

For reducing atmospheres: 

FT: C4xHT— C5><ST+C6 

For oxidizing atmospheres: 

Where: 
IT is the initial deformation temperature; 
ST is the softening temperature; 
HT is the hemispherical temperature; 
FT is the ?uid temperature; and 
Cl-C12 are constants determined by multi-linear regres 

sion coef?cient analytical techniques on the collec 
tion of data. 

13. The system as de?ned in claim 12 Where Cl is about 
1.56, C2 is about 0.67, C3 is about 1 17.71, C4 is about 1.87, C5 
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is about 0.96, C6 is about 126.79, C7 is about 1.50, C8 is about C5 is about 0.9568, C6 is about 230.856, C7 is about 1.5016, 
0.57, C9 is about 77.32, C10 is about 1.81, C11 is about 0.89, C8 is about 0.5724, C9 is about 130.665, C10 is about 1.8131, 
and C12 is about 122.29 andWhere the measuredtemperatures Cl 1 is about 0.8940, and C12 is about 223.750 and Where the 
are in o C. measured temperatures are in o F. 

14. The system as de?ned in claim 12 Where C 1 is 1.5627, 5 16. The system as de?ned in claim 13 Wherein said system 
C2 is about 0.6684, C3 is about 117.7088, C4 is about 1.8744, includes an output for the values of IT and PT. 
C5 is about 0.9568, C6 is about 126.7877, C7 is about 1.5016, 17. The system as de?ned in claim 16 Wherein said output 
C8 is about 0.5724, C9 is about 77.3248, C10 is about 1.8131, is a display. 
C l l is about 0.8940, and C12 is about 122.2880 and Where the 18. The system as de?ned in claim 17 Wherein said output 
measured temperatures are in o C. 10 is a printer. 

15. The system as de?ned in claim 12 Where Cl is 1.5627, 
C2 is about 0.6684, C3 is about 215.259, C4 is about 1.8744, * * * * * 
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